■ INTRODUCTION
Lappert's pioneering work in the early 1970s established Ndonor-stabilized carbenes as remarkably versatile ligands across the Periodic Table, particularly for noble metals, and demonstrated the similarity of the coordination chemistry of N-heterocyclic carbenes (NHCs) and phosphines. 1−3 This work also included the first examples of gold NHC complexes, the dimethylimidazolidinylidene derivatives [Au{C-(NMe) 2 C 2 H 4 } 2 ]X (X = Cl, BF 4 ). 4 Since then, N-heterocyclic carbenes have become one of the most successful and adaptable ligand classes in organometallic chemistry. 5 A related type of saturated 5-ring carbene ligands is the family of cyclic (alkyl)(amino)carbenes (CAACs) developed by Bertrand et al., 6 which were inter alia found capable of stabilizing complexes of zerovalent gold, 7 while gold(I) CAAC complexes act as catalysts for a range of interesting transformations. 8 These ligands show electron affinities more negative than those of the more widely used unsaturated imidazolin-2-ylidene type carbenes and higher ligand-to-metal charge transfer ΔN values; i.e., CAAC ligands behave as stronger σ donors. 9 On the other hand, it is becoming apparent that, even with NHC ligands, the π-acceptor capacity has an important influence on reactivity. 10−13 As Ciancaleoni et al. showed recently, 14 in contrast to the general description of NHCs as strong σ-donors, in the case of gold they donate less strongly than phosphines, and for this metal in particular there is a significant difference between NHCs with saturated and unsaturated rings; i.e. the π-acceptor capability is likely to play an important role. 11−13 With this in mind, we became interested in exploring the reactivity patterns of CAAC-type carbenes, and their possible differences in comparison to more conventional types of NHCs. We report here an exploration of the reactivity of CAAC gold complexes, including oxidation reactions to Au(III) compounds. Two types of CAAC ligands were employed: the sterically less demanding dimethyl derivative Me2 CAAC and the 2-adamantyl ligand Ad CAAC (Chart I).
■ RESULTS AND DISCUSSION
Although gold(I) chloride complexes LAuCl are most commonly employed as entries into ligand exchange reactions and catalytic transformations, often in combination with silver , which catalyzes chloride substitution. 17 The use of CsOH, which is often found preferable in gold chloride substitution reactions, is therefore unnecessary. Both complexes 2 and 3 are soluble in polar and aromatic organic solvents (THF, toluene, 1,2-difluorobenzene) and insoluble in hexanes. Chlorinated solvents (CHCl 3 , CH 2 Cl 2 , and 1,2-dichloroethane) should be avoided, because their presence tends to lead to the regeneration of the gold chloride. While the hydroxide 3 can be stored at room temperature in air for months, the tert-butoxide 2 is very sensitive to hydrolysis and has to be kept under an inert atmosphere. The carbene-C resonance in the 13 C NMR spectra of 2 and 3 is observed at δ 238, slightly upfield from the chloride precursor complex ( Ad CAAC)AuCl (δ 239.9). During reactions of 3 with p-methoxyacetophenone (vide infra), a small crop of crystals of a condensation product of 3 was also obtained, the O-bridged cluster [ . This compound was identified crystallographically (see the Supporting Information, Figure S9 ). It is analogous to the well-known Nesmeyanov cation, 18 and its formation indicates that, in spite of the steric bulk of Ad CAAC, condensation of the hydroxide can still take place. 19 Both ( Ad CAAC)AuO t Bu (2) and ( Ad CAAC)AuOH (3) react cleanly with arylboronic acids in toluene under neutral conditions, i.e. without the addition of external bases, to give the corresponding gold aryls, exemplified here by the quantitative formation of ( Ad CAAC)Au(p-C 6 H 4 F) (4; see Scheme 1). Neutral conditions have been shown to be preferable for reactions of boronic acids with both Au(I) 20 and Au(III) 21 hydroxides and to lead cleanly to the corresponding gold organyl complexes in excellent yields.
The reaction of 3 with trifluoroacetic acid (tfaH) affords ( Ad CAAC)Au(tfa) (5) . This product is also accessible directly from ( Ad CAAC)AuCl and Ag(tfa). Both methods give essentially quantitative yields; however, the latter approach contaminates the desired complex with traces of silver salts. The carbene carbon resonance is observed at δ( 13 C) 232. 4 . This upfield shift of the carbene 13 C signal in comparison to that of the chloro complex is observed for all the complexes with Au−O bonds described here but is particularly pronounced for the trifluoroacetate. Complex 5 proved to be temperature sensitive and should be stored at −30°C to avoid darkening of the sample.
The hydroxide 3 is a convenient starting material for the preparation of gold aryloxides and reacts with 3,5-di-tertbutylphenol to give the corresponding gold phenolate complex 6 in high yield. This synthetic method offers advantages over salt metathesis approaches, since reactions can be carried out in air and isolation of analytically pure products is straightforward. Complex 6 was isolated as a white stable solid which can be handled in air for weeks and is stable in toluene solution for months without noticeable decomposition. Like the hydroxide and alkoxide compounds, 6 is sensitive to chlorinated solvents; therefore, such solvents have to be avoided. The 13 C carbene-C resonance is observed at δ 236.1 (in C 6 D 6 ).
The reaction of the gold hydroxide 3 with HNTf 2 in toluene is a high yield route to the Gagosz-type 22 complex ( Ad CAAC)-AuNTf 2 (7) , which is of interest for silver-free protocols in gold catalysis. 23 Complex 7 is an air-stable white solid which is soluble in all polar organic solvents. The carbene resonance was observed at δ 233.8. The molecular structure of 7 is shown in Figure 1 . The complex is linear; the Au−N and Au−C bond lengths fall in the ranges of 2.077(3)−2.094(3) and 1.969(2)− 1.985(2) Å, respectively, similar to those for previously reported (NHC)AuNTf 2 complexes. (9) , respectively (see Scheme 2) . Compounds 8 and 9 are white solids, stable in air at room temperature. Bertrand has previously reported the synthesis of complex 8 in the reaction of ( Ad CAAC)AuCl with the lithium salt of phenylacetylene. 8a The hydroxide route allows the synthesis of 8 by a simpler procedure in air.
The reactivity of 3 toward a series of fluorobenzenes with decreasing degrees of F substitution enables the pK a value of the gold hydroxide to be estimated. The pK a values of a range of fluoroarenes have been calculated, 24 with values of 29.0 and 23.1 for C 6 HF 5 and 1,2,4,5-C 6 H 2 F 4 , respectively. As expected, 3 reacts with pentafluorobenzene at 60°C and with 1,2,4,5-tetrafluorobenzene at 80°C to give the corresponding aryl complexes ( Ad CAAC)AuC 6 H 5−n F n (10, n = 5; 11, n = 4) in essentially quantitative yields (see Scheme 2) . The structure of ( Ad CAAC)AuC 6 HF 4 is shown in Figure 1 . The Au−C(carbene) and Au−C(aryl) bond lengths are similar to those reported in the analogous complex (NHC)AuC 6 H 2 F 3 (2.026(3) and 2.044(3) Å). 25 Prolonged heating with the less C−H acidic 1,3,5-trifluorobenzene (pK a ≈ 31.5) also leads to the formation of the corresponding gold aryl complex ( Ad CAAC)Au(2,4,6-C 6 H 2 F 3 ) (12); however, the reaction is slow and the product was contaminated with unreacted hydroxide 3. A higher temperature of 90°C accelerated the gold arylation, but according to the 19 F NMR spectrum this was accompanied by some decomposition. The new set of resonances for fluorine atoms in the 19 F NMR spectrum was detected as multiplets centered at δ −84.60 (2F) and −116.86 (1F). To prove that these multiplets corresponded to the desired complex 12, we performed the auration of 1,3,5-trifluorobenzene with the more basic ( Ad CAAC)Au(O t Bu), generated in situ from ( Ad CAAC)-AuCl and NaO t Bu (eq 1). These mixtures proved more reactive than pure isolated 3 and gave the desired complex 12 in 49% yield. The formation of 12 is accelerated by higher temperatures (75°C), but since the tert-butoxide 2 is somewhat temperature sensitive, its slow decomposition may explain the reduced yield. The auration of 1,3,5-trifluorobenzene by 3 and ( Ad CAAC)-AuCl/NaO t Bu mixtures is in contrast with the lack of reactivity of (IPr)AuOH 23 and is an indication for the enhanced basicity provided by the CAAC ligand. On the other hand, no reaction was observed with 1,2-difluorobenzene and with monofluorobenzene. The reactivity decreases therefore in the sequence shown in Scheme 3; 24 evidently ( Ad CAAC)AuOH is sufficiently basic to undergo reactions with C−H bonds with pK a values of 31.5 or less. This reactivity places the (CAAC)AuOH complexes closer to that of Larossa's systems ( t Bu 3 P)AuCl/ AgSbF 6 and (R 3 P)AuCl/NaO t Bu, which also aurate 1,3,5-trifluorobenzene. 25 The hydroxide 3 is a convenient starting material for the metalation of a series of functionalized C−H compounds. For example, the reaction of ( Ad CAAC)AuOH with p-methoxyacetophenone, deoxybenzoin, and methyl phenyl sulfone gave the corresponding gold alkyls ( Ad CAAC)AuR (R = CH 2 C(O)-C 6 H 4 OMe (13), CH(Ph)C(O)Ph (14) and CH 2 SO 2 Ph (15); see Scheme 2). Related α-keto alkyls have previously been postulated as catalytic intermediates, e.g. Pd−CH(Ph)C(O)Ph species, in the α,α-diarylation of acetophenone en route to tamoxifen precursors. 26 The reaction of 3 with acetophenone has a precedence in the formation of (Ph 3 P)Au-CH 2 27 while more recent alternative syntheses of gold α-keto alkyls have involved the use of silyl enolates with (Ph 3 P)AuCl/ CsF reagents. 28, 29 The C−H activated products 8−15 were isolated as white air-stable solids which are soluble in all common organic solvents, with the exception of alkanes. Unlike the other compounds, the deoxybenzoin gold complex 14 possesses very low solubility in benzene and toluene. The resonances of the gold methine proton for 9 and 14 and of the gold methylene protons for 13 and 15 are shifted downfield by 1−2 ppm in the 1 H NMR spectrum, since the CH 2 and CMe 2 moieties of the CAAC ligand are diastereotopic (see the Supporting Information). This is illustrated by the crystal structure of complex 14 (Figure 2 ), which shows that the isopropyl group C(14)−C(15)−C(16) occupies a position almost above the phenyl ring of deoxybenzoin (C36−C41), with atom C(15) oriented toward the phenyl ring plane (3.747(8) Å). This 31 Overall, therefore, these data suggest that the electronic characteristics of CAAC ligands are generally comparable to those of saturated imidazolidinylidene-type NHCs.
The crystal structures of the CO, t BuCN, and CN complexes are shown in Figure 3 . The carbonyl complex 16 shows the greatest deviation from linear geometry: C(1)−Au−C(28) 172.9(4)°. The Au−C(28) bond trans to the CAAC ligand elongates from 1.964(5) Å for the CO complex 16 to 2.017(5) Å for the cyanide 18, whereas the carbene−Au distances remain approximately constant throughout this series, deviating only slightly from the value of 2.031(5) Å observed for the cyanide 18. The isonitrile complex 17 crystallized with a molecule of 1,2-difluorobenzene, which exhibits a T-shaped C−F···π intermolecular interaction between carbon C(28) and one of the fluorine atoms of 1,2-difluorobenzene (C(28)···F(8) 3.090(3) Å), which falls into the range of intermolecular interactions of 2.99−3.53 Å observed for various fluoro-organic compounds. 32 In view of our earlier observation that ethylene inserts into Au(III)−trifluoroacetate bonds to give the functionalized alkyls 3 is added as the anion acceptor, as exemplified by the norbornene complex 19 (Scheme 5). The compound is a white, air-stable solid which is soluble in polar organic solvents. The carbene-C signal is observed at δ 246.8.
Oxidation Reactions. Given the electron-donating nature of CAAC ligands, it might be expected that CAAC complexes should be easier to oxidize than compounds of less electron rich NHCs. It is surprising, therefore, that the oxidation chemistry of CAAC complexes does not seem to have been explored.
The oxidation of imidazolylidene-type N-heterocyclic carbene gold(I) complexes with halogens to Au(III) products is of course well precedented and proceeds smoothly in high yields with oxidants such as Br 2 and PhICl 2 , in most cases to give products of the type (NHC)AuX 3 (X = Cl, Br, I). 34−41 It was therefore surprising when initial attempts at oxidizing ( Ad CAAC)AuX with either PhICl 2 or CsBr 3 in dichloromethane at room temperature proceeded with Au−C cleavage to give mixtures of products, even when the gold(I) precursor was used in excess (eq 2). The reaction of ( Ad CAAC)AuCl with PhICl 2 in CH 2 Cl 2 gave a yellow solution from which two types of crystals could be obtained: a small amount of colorless needles which were identified by X-ray crystallography as the dichloroaurate(I) salt [ The mechanism of Au−C bond cleavage was not studied in detail; however, one plausible explanation may be that the primary oxidation product, ( and from gold(III) phosphine complexes in the presence of olefins as halogen scavengers is known to be facile. 42 In the present case the carbene C−Au bond acts as such a halogen scavenger. Similar cleavage products 21a,b are obtained using CsBr 3 under ambient light conditions (eq 2). The crystal structures of the salts 20a,b are shown in Figure 4 .
However, a different course of this reaction was observed when the oxidation reactions were conducted in the absence of ambient light. This aspect was first explored using the sterically less hindered and synthetically more easily accessible Me2 CAAC ligand and subsequently extended to C NMR spectra are not informative, the nature of these products was confirmed by X-ray crystallography (see the Supporting Information).
In none of these reactions did we observe the formation of gold(III) bromo or iodo complexes. 4 ], and the solid-state structure is retained in solution. The structure of the complex is shown in Figure 6 . The Au(III) atom possesses square-planar geometry. The bond lengths Au−C(1) (2.018(4) Å) and Au−Cl(2) (2.3170(13) Å in position trans to the carbene carbon) are almost identical with those observed in numerous (NHC)AuCl 3 complexes.
35−40
In contrast, the reaction of ( Ad CAAC)AuI with iodine in dichloromethane under various reaction conditions (i.e., either protected from light or unprotected, low or ambient temperature) gave a dark red solution from which crystals of the dark red iodine adduct ( Ad CAAC)AuI·I 2 (26) were isolated (eq 4). This is in contrast to the oxidative addition of iodine observed with other types of NHC complexes, which form gold(III) iodides.
38b, 45 The formation of triiodides and iodine adducts has previously been observed for phosphine and isonitrile Au(I) complexes. 43, 44 Indications for the redox equilibrium LAu I (I 3 ) ⇌ LAu III (I) 3 were not detected. The structure of 26 is shown in Figure 7 . According to the Cambridge Structural Database the only closely analogous 3 and internally to C 6 F 6 (δ F −164.9). IR spectra were recorded using a PerkinElmer Spectrum One FT-IR spectrometer equipped with a diamond ATR attachment. Elemental analyses were performed by the London Metropolitan University.
Synthesis of ( Ad CAAC)AuO t Bu (2). An oven-dried 25 mL Schlenk flask was equipped with a stirring bar and charged with ( Ad CAAC)-AuCl (303 mg, 0.5 mmol) and sodium tert-butoxide (48 mg, 0.5 mmol) under an argon atmosphere. Anhydrous toluene (15 mL) was added, and the resulting white suspension was stirred in the dark for 5 h and filtered through a Celite pad (2 cm), which was washed with an additional 10 mL of toluene. The volatiles were evaporated under vacuum, affording a white solid: yield 307 mg (0.475 mmol, 95.5%). 1 5 mmol) , and 10 mL of THF. To the stirred suspension was added tert-butyl alcohol (0.02 mL, 0.2 mmol), and stirring was continued for 36 h at room temperature. The dark suspension was filtered through a Celite pad (3 cm) and washed with additional THF (2 × 5 mL). Water (4 mL) was added to the THF solution, after which it was concentrated to ca. 7 mL. Water (10 mL) was added to the cloudy suspension. All volatiles were removed under vacuum (30°C, 20 mbar). If any coloration of the solid remained, it could be redissolved in THF/H 2 O (4:1) and passed through Celite. The white residue was washed with hexanes (2 × 5 mL) and dried under vacuum for 1 day. Yield: 282 mg (0.48 mmol, 96%).
Method B. , and pfluorophenylboronic acid (22 mg, 0.15 mmol). Anhydrous toluene (5 mL) was added, and the resulting suspension was stirred overnight. The reaction mixture was filtered through a Celite pad (2 cm), which was washed with another 8 mL of toluene. The volatiles were removed under vacuum to give an off-white product, which was washed with hexanes (2 × 4 mL) and dried under vacuum. Yield: 92 mg (0.14 mmol, 92%).
Method B. A scintillation vial was charged in air with a stirring bar, ( Ad CAAC)AuOH (60 mg, 0.10 mmol) and p-fluorophenylboronic acid (15 mg, 0.10 mmol). Toluene (4 mL) was added and the resulting suspension was stirred overnight. The mixture was filtered through a Celite pad (2 cm) which was washed with another 8 mL of toluene. All volatiles were removed under vacuum to give an off white product which was washed with hexanes (2 × 4 mL) and dried under vacuum. 
CAAC)Au(3,5-di-tert-butylphenolate) (6). A scintillation vial was charged with a stirring bar, (
Ad CAAC)AuOH (59 mg, 0.10 mmol), and 3,5-di-tert-butylphenol (21 mg, 0.102 mmol). Toluene (3 mL) was added and the resulting yellow solution was stirred overnight. All volatiles were evaporated under vacuum, affording the product as a white solid, which was washed with hexanes (2 × 4 mL) and dried under vacuum. Yield: 75.5 mg (0.097 mmol, 97%). 1 Synthesis of ( Ad CAAC)Au(NTf 2 ) (7). A Schlenk flask was charged with a stirring bar, ( Ad CAAC)AuOH (59 mg, 0.10 mmol), and HNTf 2 (30 mg, 0.105 mmol) under argon. Toluene (1 mL) was added, and the resulting suspension was stirred overnight. The product was precipitated with hexanes (10 mL) and dried under vacuum. The residue was washed with hexanes (2 × 2 mL) and dried under vacuum. The microcrystalline product contains half a molecule of toluene, while precipitation from dichloromethane with hexanes gives the CH 2 Synthesis of ( Ad CAAC)Au(C 6 F 5 ) (10). A Schlenk flask was charged with ( Ad CAAC)AuOH (118 mg, 0.2 mmol) and a pentafluorobenzene solution (42 μL, 0.4 mmol) in toluene (2 mL). The resulting mixture was heated to 60°C for 18 h. The slightly pink solution was filtered through a Celite pad (1 cm) which was washed with an additional 6 mL of toluene. The solution was concentrated to ca. 0.3 mL under vacuum and the white residue precipitated with hexanes (10 mL). The resulting suspension was centrifuged. The solid was washed with hexanes (2 × 4 mL) and dried under vacuum to give an off-white solid. Yield: 140 mg (0.19 mmol, 95% Synthesis of ( Ad CAAC)Au(p-C 6 HF 4 ) (11). The compound was made in a fashion similar to that for 10 from ( Ad CAAC)AuOH (59 mg, 0.10 mmol), and 1,2,4,5-tetrafluorobenzene (22 μL, 0.20 mmol) solution in toluene (2 mL). The resulting solution was heated to 80°C for 18 h. The slightly pink solution was filtered through Celite pad (1 cm) which was washed with an additional with 6 mL of toluene. Concentration and precipitation with hexanes gave an off-white solid. Yield: 67 mg (0.093 mmol, 93% (identified by X-ray crystallography as the C 6 H 3 F 3 solvate) (11 mg). The yellow solution was decanted and filtered through a pipet filled with Celite (1 cm), which was washed with an additional 4 mL of toluene. Concentration and precipitation with hexanes gave a yellow solid (11 mg) as a mixture of products. Attempts to increase the reaction time to 48 h led to significant formation of decomposition products. 19 Synthesis of ( Ad CAAC)Au(2,4,6-C 6 H 2 F 3 ) (12). A Schlenk flask was loaded with ( Ad CAAC)AuCl (60 mg, 0.1 mmol), 1,3,5-trifluorobenzene (60 μL, 0.608 mmol), NaO t Bu (29 mg, 0.3 mmol), and 1,4-dioxane (0.8 mL) and sealed. The resulting suspension was heated to 75°C for 18 h. After the suspension was cooled to room temperature, the solid was extracted with CH 2 Cl 2 and the extract filtered through a pad of Celite (1 cm). The solution was concentrated, the product precipitated with hexanes, and the solvent decanted. All volatiles were evaporated to give an off-white solid. An analytically pure sample was obtained after flash chromatography (CH 2 Cl 2 /hexane 30/70). Evaporation of all volatiles gave a white solid: yield 34 mg (0.049 mmol, 49%). (13) . A scintillation vial was charged with ( Ad CAAC)AuOH (59 mg, 0.10 mmol) and p-methoxyacetophenone (20 mg, 0.13 mmol) in toluene (2 mL). The resulting mixture was heated to 70°C for 12 h. The slightly yellow solution was filtered through a Celite pad (1 cm) which was washed with an additional 6 mL of toluene. The solution was concentrated to ca. 0.3 mL under vacuum and the white residue precipitated with hexanes (10 mL). The resulting suspension was centrifuged. The solid was washed with hexanes (2 × 4 mL) and dried under vacuum to give an off-white solid. Yield: 60 mg (0.083 mmol, 83%). Synthesis of ( Ad CAAC)Au(deoxybenzoinyl) (14). A scintillation vial was charged with ( Ad CAAC)AuOH (76 mg, 0.128 mmol) and deoxybenzoin (28 mg, 0.142 mmol) in toluene (2 mL). The resulting mixture was heated to 70°C for 12 h. All volatiles were removed from the gray suspension. The product was extracted with CH 2 Cl 2 and passed through a Celite pad (1 cm) which was washed with an additional 6 mL of CH 2 Cl 2 . The solution was concentrated to ca. 0.3 mL under vacuum and the white residue precipitated with hexanes (10 mL). The resulting suspension was centrifuged. The residue was washed with hexanes (2 × 4 mL) and dried under vacuum to give a white solid. Yield: 87 mg (0.116 mmol, 92%).
1 H NMR (300 MHz, CD 2 Cl 2 ): δ 7.73−7.70 (m, 2H, C 6 H 5 ), 7.41 (t, J = 7.6 Hz, 1H, CH-aromatic), 7.31 (tt, J = 7.6 and 1.8 Hz, 1H, C 6 H 5 ), 7.24 (d, J = 7.6 Hz, 2H, CH-aromatic) overlapping with 7.22−7.20 (m, 1H, C 6 H 5 ), 7.12−7.70 (m, 5H, C 6 H 5 ), 6.84 (tt, J = 7.6 and 1. Ad CAAC)AuCl (60.5 mg, 0.1 mmol), AgSbF 6 (35 mg, 0.10 mmol), and CH 2 Cl 2 (2 mL). The resulting suspension was stirred for 1 h in the dark. The mixture was filtered through a Celite pad (2 cm), which was washed with another 8 mL of CH 2 Cl 2 . The colorless solution was concentrated to ca. 2 mL, and an excess of t BuNC (22 μL, 0.2 mmol) was added, followed by stirring at room temperature for 2 h. The product was precipitated with an excess of hexanes (15 mL), centrifuged, and washed with hexanes (5 mL). All volatiles were removed under vacuum to give the complex as a white solid. Yield: 83.5 mg (0.094 mmol, 94% 3 (90 mg, 0.176 mmol), norbornene (16.5 mg, 0.176 mmol), and dry CH 2 Cl 2 (2 mL) under an argon atmosphere. The resulting suspension was stirred for 1 h at −78°C and left to warm to room temperature while stirring overnight. The mixture was filtered through a Celite pad (1 cm), which was washed with another 8 mL of CH 2 Cl 2 . The colorless solution was concentrated to ca. 1 mL and the oily residue precipitated with an excess of hexanes (15 mL). The solvents were decanted, and the residue was dissolved in 0.5 mL of CH 2 Cl 2 and precipitated with hexane (15 mL). The oily colorless residue after decantation was dried under vacuum to afford a white powder which was additionally dried under vacuum overnight. Yield: 96 mg (0.074 mmol, 85%). , and 20 mL of THF under an argon atmosphere. The mixture was stirred at room temperature for 18 h. All volatiles were removed under vacuum and the residue was washed with hexanes (3 × 10 mL). The product was dissolved in CH 2 Cl 2 (3 mL) and precipitated with hexanes (40 mL). All volatiles were evaporated. The residue was dried under vacuum to give a white solid. Yield: 510 mg (0.635 mmol, 96%). 1 
